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Intracellular pathogens like Shigella flexneri enter
host cells by phagocytosis. Once inside, the path-
ogen breaks the vacuolar membrane for cytosolic
access. The fate and function of the vacuolar
membrane remnants are not clear. Examining
Shigella-infected nonmyeloid cells, we observed
that proteins associated with vacuolar membrane
remnants are polyubiquinated, recruit the autophagy
marker LC3 and adaptor p62, and are targeted to
autophagic degradation. Further, inflammasome
components and caspase-1 were localized to these
membranes and correlated with dampened inflam-
matory response and necrotic cell death. In Atg4B
mutant cells in which autophagosome maturation is
blocked, polyubiquitinated proteins and P62 accu-
mulated on membrane remnants, and as in autoph-
agy-deficient Atg5/ cells, the early inflammatory
and cytokine response was exacerbated. Our results
suggest that host membranes, after rupture by an
invading cytoplasm-targeted bacterium, contribute
to the cellular responses to infection by acting as
a signaling node, with autophagy playing a central
role in regulating these responses.
INTRODUCTION
Shigella flexneri is a gram-negative, entero-invasive bacterium
that can lead to severe inflammatory destruction of the colonic
mucosa and, thus, the symptoms of shigellosis (Sansonetti,
2001). Shigella’s pathogenicity is mainly related to a large viru-
lence plasmid pWR100 (214 kb) containing a ‘‘pathogenicity
island’’; this genetic element encodes proteins composing
a type III secretion system (T3SS) and the effector proteins that
are subsequently injected into the host cell cytosol (Sansonetti,
2001; Cornelis, 2006). The host signaling triggered by a subsetCell Hoof these effectors leads to actin cytoskeleton rearrangement,
macropinocytic-like ruffle formation, and then engulfment of
the bacterial pathogen (Adam et al., 1995; Ogawa et al., 2008).
It has now been established that the T3SS targets specific lipid
raft membrane domains (Lafont et al., 2002) in which the bacte-
rial effector IpaB interacts with the CD44 hyaluronan receptor
(Lafont et al., 2002; Skoudy et al., 2000) and cholesterol (van
der Goot et al., 2004; Hayward et al., 2005). Following its adhe-
sion and entry, Shigella rapidly lyses the vacuolar membrane via
a mechanism that remains to be defined.
Shigella infection induces the signaling cascades that are
responsible for the host’s inflammatory response. Cells sense
infection by detecting pathogen-associated molecular patterns
(PAMPs) through surface receptors (including Toll-like receptors
[TLRs]) and through cytoplasmic nucleotide-binding oligomeri-
zation domain (NOD)-like receptors (NLRs); the latter are known
to be recruited to Shigella entry sites (Kufer and Sansonetti,
2007). The TLRs and NODs activate signaling responses, which,
in turn, lead to NF-kB-dependent expression of proinflammatory
cytokines (Akira et al., 2006; Delbridge and O’Riordan, 2007). It
has been reported that Ipaf (NLRC4) and the adaptor protein
ASC (apoptosis-associated speck-like protein containing a
C-terminal caspase recruitment domain) form a complex called
the ‘‘NLRC4 inflammasome’’; the latter has been implicated in
the regulation of pyroptosis (i.e., caspase-1-dependent cell
death) in Shigella-infected macrophages (Suzuki et al., 2007).
Furthermore, Ipaf (but not ASC) has also been implicated in
autophagy in macrophage in response to bacterial infection
(Suzuki et al., 2007). Autophagy corresponds to the tightly regu-
lated targeting of intracellular organelles to the degradation
pathway and is known to be involved in cell survival following
nutrient depravation or infection by pathogens (with either detri-
mental or beneficial consequences, depending on the pathogen
in question; Klionsky, 2007; Levine and Deretic, 2007; Maiuri
et al., 2007). The regulatory interactions between activation of
inflammation, autophagy, and cell death remain a challenging
subject and one that has yet to be clarified.
After Shigella escape into the cytoplasm, vacuolar membrane
remnants can be either recycled to the plasma membrane orst & Microbe 6, 137–149, August 20, 2009 ª2009 Elsevier Inc. 137
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Shigella Vacuolar Membrane-Associated Signalingdegraded. Our interest was to investigate whether signaling was
initiated by these membrane remnants and whether this
signaling played a role in regulating infection. Given that macro-
phages die soon after infection due to pyroptotic-mediated cell
death (Hilbi et al., 1998), we decided that epithelial cells would
offer a more suitable model system. Indeed, it has been demon-
strated that nonmyeloid cells respond to infection notably with
the activation of prosurvival signaling that allows them to resist
longer than macrophages, but they ultimately die, involving alter-
ation in mitochondrial membrane potential (Carneiro et al., 2009).
We investigated whether rupture of the Shigella-containing
vacuole would trigger ubiquitination events, given that this
posttranslational modification has been connected to raft-
dependent, plasma-membrane-triggered signaling (Lafont and
Simons, 2001), endocytosis (Hicke and Dunn, 2003), and degra-
dation (Piper and Luzio, 2007). Ubiquitination notably regulates
several steps in the TLR- and NOD-activated transcription factor
NF-kB-dependent pathway, which ultimately leads to cytokine
expression and includes key factors like TRAF6 and NEMO (Wul-
laert et al., 2006).
RESULTS
Polyubiquitination Is Activated during Vacuolar
Membrane Rupture
To determine the fate of the membrane remnants during Shigella
infection in HeLa cells, we examined the involvement of ubiquiti-
nation during the vacuolar membrane lysis. We used the host cell
lectin Galectin-3 (Gal-3) as a marker to identify the vacuolar
membrane, as we have shown that Gal-3 is recruited concur-
rently with disruption of the vacuolar membrane (I.P. et al.,
unpublished data). Gal-3 codistributed with cholesterol (evalu-
ated with filipin staining) (Figure 1A) that was shown to accumu-
late both at the entry site and in the vacuolar membrane (Lafont
et al., 2002). The presence of polyubiquitinated proteins was evi-
denced by codistribution of the FK1 antibody and filipin around
internalized Shigella (Figure 1A and Figure S1 available online).
This was not observed when assaying invasion of a Yersinia inva-
sin-expressing E. coli strain (Figure S1). Confocal microscopy
confirmed the presence of polyubiquitinated proteins and Gal-
3 close to the internalized bacterium (Figures 1B and 1C). Coloc-
alization was further demonstrated using immunogold electron
microscopy analysis of both FK1 and anti-Gal-3 antibodies,
which were observed on the same membrane structures adja-
cent to the bacterium (Figure 1D). We also observed colocaliza-
tion of FK1 and Gal-3 on membrane remnants after vacuolar lysis
in macrophages (Figure S2). Because macrophages also phago-
cytose nonvirulent Shigella, we tested internalization of the
noninvasive BS176 strain (Sansonetti et al., 1982). We did not
observe protein polyubiquitination associated with the vacuolar
membrane of BS176 bacteria (Figure S3). Importantly, FK1
was also recruited on Listeria monocytogenes vacuolar
membranes after disruption identified with Gal-3 staining
(Figure S4).
Autophagy Targeting of Shigella Vacuolar Membrane
Remnants
We then overexpressed yellow fluorescent protein (YFP)-tagged
wild-type and mutant ubiquitins and analyzed their respective138 Cell Host & Microbe 6, 137–149, August 20, 2009 ª2009 Elseviimpacts on membrane trafficking. First, we observed that wild-
type Ub and the K29R and K63R lysine Ub mutants codistrib-
uted with the residual membranes identified by Gal-3 staining
(Figures 2A and S5). However, the K48R mutant of Ub-YFP
did not codistribute with the Gal-3-positive membranes in the
vicinity of the bacteria (Figures 2B and S5). When seeking to
establish the fate of the Shigella vacuolar membrane remnants,
we noticed clear codistribution with the autophagy marker Atg-
8/LC3 (Figures S1 and S6). Interestingly, we observed that,
in comparison with the Ub wild-type and the Ub-K63 and Ub-
K29 mutants, approximately four times fewer Shigella-contain-
ing vacuoles stained positive for Ub-YFP upon mutation of
Lys-48 (Figures 2C–2E and S7). We further analyzed postinfec-
tion autophagy following the processing of the LC3 protein
and used tubulin as loading control (Figure 2F). Moreover, we
used an Atg4B C74A mutant that has been shown to block
closure of the autophagosome and thus impair its maturation
(Fujita et al., 2008). We first checked that this mutant was able
to interfere with the LC3 I/II conversion in our experimental
system (Figure S8A) and also made sure that, after autophagy-
activating rapamycin treatment (Klionsky et al., 2007), expres-
sion of the Atg4B C74A mutant led to an activation defect
(Figure S8A). We observed that LC3 processing was greater
after infection and after rapamycin treatment (Figure 2F).
Expression of the Atg4B C74A mutant caused a decrease in
LC3 processing (Figure 2F). To study the autophagy flux, we
used bafilomycin A and observed accumulation of the LC3-II
form (Figure 2F), which is concordant with pathway activation.
The DMSO used as vehicle for the bafilomycin did not have
any effect in our experimental system. In autophagy-deficient
Atg5/ MEF cells (Kuma et al., 2004; Kaushik et al., 2008), we
confirmed the lack of LC3 recruitment on membrane remnants,
whereas FK1 was still recruited 30 min postinfection (p.i.)
(Figure 2G). It has been reported that the Shigella icsB mutant
is trapped by the autophagy pathway (Ogawa et al., 2005); we
confirmed this by examining LC3 labeling. We also observed
FK1 on top of LC3 recruitment (Figures S9A and S9B), and in
some pictures, both the bacterium and the membrane remnants
(identified using Gal-3) seemed to be trapped in the same LC3-
positive structures (Figure S9C). Hence, our results demon-
strated that Shigella infection resulted in stimulation of the
autophagy pathway and concomitant recruitment of LC3 to
the membrane remnants.
SQSTM1/P62 Recruitment on Membrane Remnants
Ubiquitination is involved in activation of sequestosome 1
(SQSTM1, also called ‘‘P62’’), which can trigger the autophagy
pathway (Bjorkoy et al., 2006). P62 recruitment was evident
on Shigella vacuolar membrane remnants codistributing with
Gal-3 polyubiquitinated proteins and LC3 (Figures 3A, 3B, S1,
and S5). P62 was also recruited on the membrane remnants
associated with the Shigella IcsB mutant (Figure S9D). P62 and
polyubiquinated protein codistribution was not observed after
K48R Ub-YFP overexpression (Figure S5). Interestingly, after
pmStrawberry-Atg4B C74A expression in epithelial cells, we
observed an accumulation of polyubiquitinated proteins and
P62 aggregates at 10 hr p.i. (Figures S8B–S8D). In P62/ MEF
cells (Komatsu et al., 2007), LC3 and polyubiquitinated proteins
accumulated much less on membrane remnants (Figure 3C–3F).er Inc.
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Shigella Vacuolar Membrane-Associated SignalingFigure 1. Recruitment of Polyubiquitinated Proteins at Early Steps in S. flexneri Infection of Epithelial Cells
(A) HeLa cells were infected with S. flexneri M90T and then fixed and processed for labeling. Cholesterol distribution was analyzed with filipin. M90T bacteria,
Galectin-3 (Gal-3, green), and polyubiquitinated proteins (FK1, red) were visualized by immunostaining and analyzed using confocal microscopy. Scale bar, 5 mm.
(B and C) HeLa cells were infected with GFP-tagged S. flexneri M90T and then fixed and processed for labeling. Gal-3 (cyan) and polyubiquitinated proteins (FK1,
red) were visualized by immunostaining and were analyzed using confocal microscopy. xz and yz views are shown at the bottom and on the right, respectively.
Scale bar, 5 mm. A fluorescence line scan (yellow dashed line on the merge inset) is shown on (C). (Arrows) Bacteria; (Arrowheads) Codistribution (in the same
pixel) of polyubiquitin and Gal-3.
(D) HeLa cells were infected with M90T for 60 min at 37C and then fixed and processed for immunoelectron microscopy. The Gal-3 protein was detected by the
large 10 nm gold particles (arrowhead) and polyubiquitinated proteins by the small 6 nm gold particles (arrow). Scale bar, 100 nm.Autophagy-Dependent Regulation of the Inflammatory
Response
P62 has been reported to bind to molecular complexes, including
participating in the NF-kB-dependent pathway (Sanz et al., 2000;
Wooten et al., 2005). We observed NOD1 bound to Gal-3-positive
Shigella vacuolar membranes (Figure S10A) and were prompted
to investigate whether TRAF6 and NEMO could be recruited to
these membranes. Both proteins were recruited in association
with polyubiquitinated proteins (Figures 3G and 3H); surprisingly,
this was also the case after K48R Ub-YFP expression (data notCell Hshown), suggesting that a P62-independent recruitment of
TRAF6 and NEMO could also be involved. TRAF6 also clearly
codistributed with Gal-3 (Figure S10B). Furthermore, we could
also show that TRAF6 is ubiquitinated upon infection (Figure 3I).
We then measured IL-8 secretion as a readout of Shigella-
induced inflammatory signaling. During Atg4B C74A expression,
we saw a clear increase in IL-8 mRNA production at 3 hr p.i. (Fig-
ure 4A). To better assess the significance of this result and to
avoid underestimating it (due to the 40% transfection efficiency),
we also studied CXCL-1 expression in Atg5/ MEF cells toost & Microbe 6, 137–149, August 20, 2009 ª2009 Elsevier Inc. 139
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Shigella Vacuolar Membrane-Associated Signalingmonitor NF-kB-dependent signaling. There was a dramatic
increase in CXCL-1 mRNA production 2 hr p.i. (Figure 4B). In
contrast, we observed a significant decrease in NF-kB-mediated
CXCL-2 mRNA production inP62/MEF cells (Figure 4C), which
is consistent with literature reports (Moscat et al., 2007) and with
the defect of LC3 recruitment on membrane remnants in P62/
MEF cells (Figures 3C and 3D). Interestingly, the icsB Shigella
mutant induced less IL-8 mRNA production than did the WT strain
(data not shown). Our results suggested that Shigella vacuolar
membrane remnants regulated inflammatory responses and
that autophagy components dampened this response.
Inflammasome and Caspase-1 Associate
with Membrane Remnants
We also identified Nalp3, Ipaf, ASC, and caspase-1 associated
with Shigella vacuolar membrane remnants in epithelial cells
(Figures 5A and S1). Between 30 and 120 min p.i., we could
not detect caspase-1 activation using flow cytometry, as
assayed by the binding of the fluorescent-coupled YVAD inhib-
itor to the activated form of caspase-1 (FLICA caspase-1
[FAM-YVAD-FMK]) (Figure 5B), in agreement with the previously
reported absence of epithelial cell death at this stage (Mantis
et al., 1996). However, at later stages of infection (5 hr p.i. and
onward), we observed higher levels of activated caspase-1
than in uninfected cells (Figures 5C–5E). When using the same
strategy to analyze the activation of caspase-3 (with the FLICA
caspase-3 [FAM-DEVD-FMK]), we did not see any significant
differences up to 10 hr p.i. (Figure 5C). To evaluate pyroptosis
at a late stage of infection, we monitored the caspase-1-positive
and propidium-iodide-positive cells. At 10 h p.i., the increase in
the number of pyroptotic cells (compared with experiments
with noninfected cells) became significant (Figures 5D and 5E).
We did not observe apoptosis (as assessed herein by FLICA-3
labeling) (Figure 5C), and we saw an increase in proportion of
the PI-positive cells upon infection (Figures 5D and 5E), in agree-
ment with published work (Carneiro et al., 2009). The discrep-
ancy between our results and those of Carneiro et al. in terms
of caspase-1 activation might be due to differences in the exper-
imental protocols (we measured both PI and FLICA-1 labeling,
whereas Carneiro et al. used the pan-caspase inhibitor ZVAD
and measured PI labeling alone; Carneiro et al., 2009). Thus,
we clearly established the presence of the inflammasome and
caspase-1 on Shigella-associated membrane remnants and
observed pyroptosis at a late stage of infection.Cell HAutophagy-Dependent Regulation of Cell Death
during Shigella Infection
We found that, in our cell system, infection led to production of
reactive oxygen species (ROS) and alteration of the mitochon-
drial inner potential (Dcm) (data not shown) relative to uninfected
cells, in agreement with Carneiro et al. (2009). In Atg5/ MEF
cells, infection led to more intense production of ROS (starting
at 5 hr p.i.) (Figures 6A and 6B) and alteration of the mitochondrial
inner potential (starting at 10 hr p.i.) (Figures 6C and 6D). These
results suggested a possible modulation of necrosis upon
autophagy impairment. However, in HeLa cells expressing the
Atg4B C74A mutant, we noticed accumulation of IpaB and cas-
pase-1 at 10 hr p.i., compared with nontransfected cells
(Figure 7A). We then used Atg5/ MEF cells to circumvent
transfection efficiency problems. We observed that infection
led to an increase in PI-positive infected MEF cells at early
time points (16.6% ± 5.4% versus 0.7% ± 0.5% in uninfected
cells at 5 hr p.i.; n = 3). Moreover, at 5 hr p.i., Figure 7B shows
that there were more PI-positive cells than there were FLICA-1
positive cells; this suggests that, indeed, at early time points,
infected cells died through a necrotic process consistent with
our data (Figure 6) and published work (Carneiro et al., 2009).
However, when taking into account both PI and FLICA-1 labeling
in the course of infection, we saw that the necrotic cell popula-
tion decreased and that the population dying through a PI-nega-
tive and FLICA-1-positive process (i.e., pyroptosis) increased
(Figure 7B). We noticed a significant increase in pyroptosis in
infected Atg5/ MEF cells versus infected WT MEF cells 23 hr
p.i. (Figures 7B and 7C) that was also found with P62/ MEFs
(Figure S11). However, the decrease observed in the total
number of pyroptotic cells at 23 hr is likely due to the fact that
dead cells along with cellular debris were rejected from the
cellular pool analyzed. Our results suggested that necrosis-
dependent cell death was dampened by membrane remnants
autophagy at early stages of infection, whereas inhibition of
autophagy regulated pyroptosis at later time points.
DISCUSSION
In the present study, we have shown that, following the rupture of
Shigella-containing vacuolar membranes, proteins associated
with the membrane remnants undergo protein polyubiquitina-
tion, and membrane remnants are targeted to autophagy.
Although our results highlight the importance of ubiquitinationFigure 2. K48-Dependent Recruitment of Ubiquitinated Proteins and LC3 Proteins at Early Steps in S. flexneri Infection of Epithelial Cells
(A and B) HeLa cells were transfected with YFP-tagged wild-type (WT) (A) or with K48R mutant (B) ubiquitin (Ub) proteins (visualized in green) and were infected
with S. flexneri M90T. Infected cells were then fixed and processed for labeling. M90T bacteria (blue) and Gal-3 (red) were visualized after immunostaining. Scale
bar, 5 mm.
(C and D) HeLa cells were cotransfected with LC3-RFP (red) and either with YFP-tagged WT ub (C) or YFP-tagged K48R Ub (D) proteins (green). After 1 day in
culture, cells were infected with S. flexneri for 30 min before being fixed and processed for labeling. M90T bacteria were visualized using anti-S. flexneri LPS
antibodies (blue). Scale bar, 5 mm.
(E) HeLa cells were transfected with YFP-tagged Ub proteins and infected with M90T for 60 min at 37C and were then fixed and processed for immunoelectron
microscopy. The LC3 protein was detected by the 10 nm gold particles (arrow) and ubiquitinated proteins by the 15 nm gold particles (arrowhead). Scale bar, 100
nm.
(F) HeLa cells were transfected with mock reagent or with StrawberryAtg4B-C74A (Atg4B C74A). On the following day, transfected cells were preincubated (or
not, as required) with bafilomycin A1 and then infected (or not) with S. flexneri M90T for 30 min or 2 hr at 37C. As control experiments, transfected cells were
treated with either rapamycin (an autophagy stimulator) or DMSO. Total HeLa cell extracts were separated with SDS-PAGE and were then transferred and
analyzed in a western blot with an anti-LC3 antibody. Anti-a-tubulin antibody was used as a loading control.
(G) WT and Atg5/ MEF cells were infected with S. flexneri M90T, fixed, and then processed for labeling. Gal-3 (blue) and polyubiquitinated proteins (FK1, red)
were visualized by immunostaining and analyzed using confocal microscopy. Scale bar, 5 mm.ost & Microbe 6, 137–149, August 20, 2009 ª2009 Elsevier Inc. 141
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Figure 3. P62, NEMO, and TRAF6 Recruitment and TRAF6 Ubiquitination on Membrane Remnants
(A and B) HeLa cells were transfected with LC3GFP (A) or with YFP-tagged WT ubiquitin (Ub) (B) proteins (visualized in green) and were infected with S. flexneriM90T.
Infected cells were then fixed and processed for labeling. M90T bacteria (blue), P62 (cyan), and Gal-3 (red) were visualized by immunostaining. Scale bar, 5 mm.
(C–F) WT (C and E) and P62/ (D and F) MEF cells were infected with S. flexneri M90T, fixed, and processed for labeling. Bacteria were visualized by Syto 61 (C)
and DAPI (D) staining and with anti-LPS antibodies and Alexa633-conjugate antibodies (E and F). Gal-3 (green) and LC3 (red) (C and D) or polyubiquitinated
proteins (FK1, red) (E and F) were visualized by immunostaining and analyzed using confocal microscopy. Scale bar, 5 mm.
(G and H) HeLa cells were cotransfected with Flag-TRAF6 (G) or HA-NEMO (H) and YFP-tagged WT Ub proteins and were infected with S. flexneri M90T. Infected
cells were then fixed and processed for labeling. M90T bacteria (blue), HA-NEMO (red), and Flag-TRAF6 (red) were visualized by immunostaining and analyzed
using confocal microscopy. Scale bar, 5 mm.142 Cell Host & Microbe 6, 137–149, August 20, 2009 ª2009 Elsevier Inc.
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Shigella Vacuolar Membrane-Associated SignalingFigure 4. Autophagy-Dependent Modula-
tion of the Inflammatory Response
(A) HeLa cells were transfected with pEGFP
(EGFP) or StrawberryAtg4B-C74A (Atg4B CA).
Transfected cells were infected (or not, as
required; ‘‘Not Infected’’) with S. flexneri M90T-
Afae for 3 hr at 37C (‘‘Infected 3H’’). IL-8 mRNA
levels were quantified by real-time RT-PCR,
normalized with respect to the histone H3.3
gene, and presented as fold increases.
(B and C) WT, Atg5/ (B) and P62/ (C) MEF
cells were infected (or not, as required; ‘‘Not
Infected’’) with S. flexneri M90T-Afae for 2 hr at
37C (‘‘Infected 2H’’). CXCL-1 (B) or CXCL-2 (C) mRNA levels were quantified by real-time RT-PCR, normalized with respect to the b actin gene, and presented
as fold increases. All histograms were obtained from at least three independent experiments. Data are means ± SEM. *p < 0.05.during Shigella entry, a comprehensive view of the ubiquitinated
protein pattern has yet to emerge. Identification of the proteins
ubiquitinated in this context and of the Ub ligases involved is
clearly important and will deserve further investigation. It will
be of interest to determine whether bacterial effectors are ubiq-
uitinated and/or regulate ubiquitination on membrane remnants.
Epithelial cells are at the front line of Shigella infection and
induce an inflammatory reaction through cytokine and chemo-
kine production (Phalipon and Sansonetti, 2007). We established
that TRAF6 is ubiquitinated at the vacuolar membranes. TRAF6
is itself an E3 Ub ligase with a broad spectrum of cognate part-
ners, including the IKK component NEMO. Although NEMO is
known to be involved in NF-kB signaling (Lamothe et al., 2007),
TRAF6 has not previously been described as having a role in
NF-kB and JNK activation following external LPS stimulation or
during Shigella invasion (Girardin et al., 2001). Our results raise
the question of whether the membrane binding of the TRAF6
complex plays a role in the inactivation of the NF-kB and JNK
pathways. Polyubiquitinated TRAF6 also interacts with the
sequestosome scaffolding protein p62 (Moscat et al., 2007).
P62 binds LC3 and, thus, can target protein aggregates to
degradation via autophagy (Pankiv et al., 2007). Our observation
of ubiquitinated proteins and LC3 accumulation defect on
membrane remnants in P62/ MEF cells suggests that the
p62/LC3-containing protein complex targets Shigella vacuolar
membrane remnants to degradation through the autophagy
pathway. The presence of both P62 and IKK components trap-
ped in the membrane remnants suggests that cells use the au-
tophagy pathway to regulate the activation of inflammatory
responses at early time points in infection. Interestingly, we failed
to observe FK1 and LC3 labeling of membrane exposed to
ASSP, a variant of the aerolysin bacterial toxin that perforates
the late endosomal compartment (Fivaz et al., 2002; data not
shown). This suggests that the effect obtained during Shigella
invasion is specific to bacterial infection.
In epithelial cells, the bacterial effector IscB reportedly partic-
ipates in the inhibition of bacterial autophagy (Ogawa et al.,
2005). Here, we established that the vacuolar membrane
remnants are targeted to the autophagy compartment. In an
icsB mutant that still disrupts the vacuolar membrane, both
bacteria and membrane remnants are targeted to autophagy.
Interestingly, in QPCR experiments, we noticed that the levelCell Hof CXCL-1 mRNA production dramatically increased in Atg5/
MEF cells infected by either WT and, to a lesser extent, the
icsB mutant strains (data not shown). This is consistent with
NF-kB triggering, at least at the membrane remnant level.
Our results support previous data showing that pyroptosis can
be induced in epithelial cells after infection and intoxication
(Lu et al., 2000; Gurcel et al., 2006; Cheng et al., 2008). Indeed,
we found that caspase-1 is associated with Shigella membrane
remnants in epithelial cells. In macrophages, it has been sug-
gested that pyroptosis inhibits autophagy, although this was
not considered in the context of residual vacuolar membranes
(Suzuki et al., 2007; Suzuki and Nunez, 2008). At early time points
and/or low multiplicities of infection (MOI) in infected macro-
phages, the Ipaf and ASC proteins were shown to be involved
in inflammasome-mediated caspase-1 activation and, thus,
autophagy-dependent cell death (Suzuki et al., 2007). At higher
MOI, however, Shigella induces Nalp3-dependent pyronecrosis
(Willingham et al., 2007). Epithelial cells resist the rapid cell death
observed in macrophages (Mantis et al., 1996), and Shigella can
inhibit staurosporine-induced apoptosis in epithelial cells (Clark
and Maurelli, 2007). On the basis of PI-positive cell measure-
ments for cells treated with the pan-caspase inhibitor zVAD,
Carneiro et al. proposed that infected nonmyeloid cells died by
necrosis (Carneiro et al., 2009). We counted both PI-positive
and FLICA-1-positive cells and were careful not to apply treat-
ments whose effects might differ from one cell type to another
and that might depend on the type of challenge used. We
checked the specificity of FLICA-1 first using fluorescence
microscopy and second by comparing with the FLICA-3 reagent
for which we did not notice any differences between control and
infected cells at 5 hr and 10 hr p.i. (Figure 5C). The anti-caspase-1
antibody used in this study binds to an antigenic region within
the p20 product. Hence, the observed staining could be due to
activated and/or noncleaved caspase-1. In Atg5/ MEFs, we
observed an increase in caspase-1 activation, which was
consistent with sequestration in WT MEFs of active caspase-1
in autophagy-targeted membrane remnants. However, the
effects observed at late time points may be due to the inhibition
of autophagy per se, rather than to signaling linked to membrane
remnants. Moreover, caspase-1 also affects cytoplasmic
signaling and has been involved in nonapoptotic processes
(Kuranaga and Miura, 2007; Lamkanfi et al., 2007).(I) HeLa cells were transfected with Flag-TRAF6 proteins and infected (or not, as required) 2 hr later with S. flexneri M90T. Ubiquitinated TRAF6 proteins were
detected by immunoprecipitation (IP) and then western blotting (WB), as indicated.ost & Microbe 6, 137–149, August 20, 2009 ª2009 Elsevier Inc. 143
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(Atg5/), we saw an increase in (1) NF-kB activation-dependent
cytokine production, (2) ROS production, and (3) necrosis in MEF
cells. In other words, although the putative NF-kB prosurvival
pathway is activated, the end result is an increase in necrosis
in these cells. As infected WT nonmyeloid cells resist to infection
at this stage, this showed that interfering with the targeting of
membrane remnants to autophagy led to shifting the equilibrium
toward necrosis. This suggested first that membrane remnants
were associated with dampening of necrosis. Second, the
inflammasome/caspase-1 pool, which was associated with
these membrane remnants, did not play a role as a prodeath
signal; rather, our results indicated that membrane remnants
may sequester caspase-1, preventing pyroptosis induction.
Thus, our results suggest that autophagy acts as a prosurvival
pathway during bacterial invasion by degrading key molecular
players associated with membrane remnants and involved in
detrimental, downstream signaling.
Regarding the inflammatory response, in Atg5/ MEF cells,
P62 remained associated with the membrane remnants, consis-
tent with its role in increasing the NF-kB pathway activation. On
the other hand, in P62/ MEF cells, this activation part was
abrogated, consistent with the observed decrease in NF-kB
pathway activation. Our results are compatible with membrane
remnants acting, at early time points in infection, as danger-
associated molecular patterns (DAMPs), which modulated NF-
kB prosurvival and prodeath pathways (see working model in
Figure S12). The detailed molecular mechanism of each
signaling pathway responsible for the wide-ranging, down-
stream effects revealed herein will be addressed in future
work. Moreover, our work raises the question of which part of
the host response depends on the signaling associated with
the host cell membrane and that associated with the bacterium
(e.g., due to the secretion of effectors). The former signaling is
transient, as it is targeted to autophagy. The major concerns
are first the difficulty in dissociating the effect of the bacterium
with that of the membrane remnants. Second, autophagy modu-
lation does not affect only membrane remnants but may interfere
with other intracellular compartments that could directly or indi-
rectly modulate with the host cell response. Another point
remaining to be addressed is the difference in the cell death
kinetics in nonmyeloid cells versus that observed in macro-
phages. Our results indicate that autophagy, through its effect
on vacuolar membrane remnants and possibly additional
effects, regulates the inflammatory response and cell death
response to Shigella infection. Our results illustrate that the
role of the vacuolar membrane, following Shigella’s escapeCell Hinto the cytoplasm, in triggering the cellular responses pathway
to infection has been underestimated. Description of this cell-
signaling node should open up new avenues for understanding
how the host response is orchestrated by the invading bacte-
rium.
Figure 6. Autophagy-Dependent Activation of ROS Production and
Alteration of the Mitochondrial Membrane Potential
(A) Determination of intracellular levels of reactive oxygen species (ROS)
induced by Shigella infection in WT and Atg5/ MEF cells at 5, 10, and 23 hr
p.i. Data are means ± SEM from three independent experiments. *p < 0.05.
(B) A representative histogram of ROS production at 5 hr p.i. (from one of three
independent experiments).
(C) The mitochondrial membrane potential (DJm) in WT and Atg5/ MEF
cells at 5, 10, and 23 hr p.i. Data are means ± SEM from three independent
experiments. *p < 0.05.
(D) A representative histogram of Mitochondrial transmembrane potential at
10 hr p.i. (from one of three independent experiments).Figure 5. Recruitment of Inflammasome and Caspase-1 to Membrane Remnants and Cell Death Induction
(A) HeLa cells were transfected with ASC-Flag, Nalp3-Flag, or Ipaf-Flag proteins; infected with GFP-tagged S. flexneri M90T; and then fixed and processed for
labeling. Flag-tagged proteins (red) and Galectin-3 (blue) were visualized by immunostaining with specific primary antibodies. Scale bar, 5 mm. (Bottom) HeLa
cells were infected with GFP-tagged S. flexneri M90T and then fixed and processed for labeling. Caspase-1 (Casp-1, red) and Gal-3 (blue) were visualized by
immunostaining. Scale bar, 5 mm.
(B) HeLa cells were infected with S. flexneri M90T for 10 hr at 37C and were then fixed and processed for labeling with FLICA-1 reagent and DAPI. (Arrows)
Infected, positive cells. Scale bar, 5 mm.
(C) Flow cytometry analysis of the FLICA-1- or FLICA-3-positive HeLa cells for control and infected cells at the indicated time postinfection (p.i.). Histograms from
three independent experiments. Data are mean ± SEM. *p < 0.05.
(D and E) Flow cytometry analysis of FLICA-1- and propidium-iodide-positive (P.I.) HeLa cells for control and infected cells at the indicated postinfection (p.i.) time
point. (D) A representative density plot (one of three independent experiments). (E) Histograms from three independent experiments. Data are means ± SEM.
*p < 0.05.ost & Microbe 6, 137–149, August 20, 2009 ª2009 Elsevier Inc. 145
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Antibodies and Reagents
We used polyclonal anti-S. flexneri serotype 5 LPS antibodies and polyclonal
anti-IpaB antibodies (Phalipon et al., 1997). FK1 and FK2 antibodies were
kindly provided by Y. Rouille (Pasteur Institute, Lille, France). Polyclonal anti-
Listeria (R11) and NOD1 antibodies were kindly provided by P. Cossart
(Pasteur Institute, Paris, France) and M. Chamaillard (Pasteur Institute, Lille,
France), respectively. Rat monoclonal anti-Gal-3 antibody was from Santa
Cruz (M3/38). Mouse monoclonal anti-Gal-3 and anti-P62 antibodies were
from BD Transduction. Mouse monoclonal anti-GFP and rat monoclonal
anti-HA (clone 3F10) antibodies were from Roche. Rabbit anti-caspase-1 anti-
body was from Millipore. Mouse monoclonal anti-LC3 (M115-3), rabbit anti-
LC3 (PM036), and rabbit anti-P62 (PM045) were from obtained from MBL.
DAPI, filipin, mouse monoclonal anti-FLAG (M2), and mouse monoclonal
anti-a-tubulin (clone B-5-1-2) antibodies were from Sigma-Aldrich. Alexa Fluor
555-conjugated goat anti-mouse IgM, Alexa Fluor 555-conjugated goat anti-
mouse IgG, Alexa Fluor 488-conjugated goat anti-rat IgG, Alexa Fluor 633-
conjugated goat anti-rabbit IgG, and Marina blue-conjugated goat anti-rabbit
IgG and Syto 61 were all from Molecular Probes. Cy5-conjugated goat anti-rat
antibody and horseradish peroxidase-conjugated goat anti-mouse IgM were
kindly provided by Y. Rouille (Pasteur Institute, Lille, France). Horseradish
peroxidase-conjugated goat anti-mouse IgG antibody was from Promega.
Plasmids and Mutagenesis
Plasmids expressing YFP-ubiquitin were kindly provided by M.-G. Mancini
(Baylor College of Medicine, Houston, TX, USA). Plasmids expressing
pEGFP-LC3, mRFP-LC3 (monomeric red fluorescent protein), Atg4B C74A-
Flag, and pmStrawberry-Atg4B C74A were kindly provided by T. Yoshimori
(Research Institute for Microbial Diseases, Osaka, Japan). Plasmids express-
ing Flag-TRAF6 and HA-NEMO were kindly provided by R. Weil (Pasteur Insti-
tute, Paris, France). Plasmids expressing ASC-Flag, Nalp3-Flag, and Ipaf-Flag
have been previously described (Gurcel et al., 2006). To generate lysine
residue mutants of Ub, we performed site-directed mutagenesis as described
in the Supplemental Data.
Bacterial Strains and Infection
The bacterial strains used wereS. flexneriM90T (an invasive strain ofS. flexneri
serotype 5), BS176 (a noninvasive derivative of M90T cured for the 220 kb viru-
lence plasmid; Sansonetti et al., 1982), M90T-AfaE (corresponding to M90T
transformed with the pILL1101 plasmid, which encodes an afimbrial adhesin
from a uropathogenic E. coli), M90T-GFP (M90T transformed with pEGFP
[Clontech]), and Shigella IcsB mutant (Allaoui et al., 1992).The Listeria monocy-
togenes strain 10403S was kindly provided by Michael Way (London Research
Insitute, UK). Unless otherwise indicated, infections were performed for 30 min
at 37C. We also used an E. coliK12 strain that expresses the invasin protein of
Yersinia. Infection protocols were as described in Lafont et al. (2002).
Cell Culture and DNA Transfection
HeLa cells were grown in MEMa medium (GIBCO) supplemented with 10%
fetal calf serum (FCS, Invitrogen), 2 mM L-glutamine (GIBCO), and 1% MEM
nonessential amino acids (GIBCO) at 37C in 5% CO2. HeLa cells were trans-
fected with plasmid DNA using the FUGENE 6 transfection reagent (Roche
Applied Science), according to the manufacturer’s instructions. Atg5/ and
P62/ MEF cells (kindly provided by Noboru Mizushima and Tetsuro Ishii,
respectively) were grown in DMEM medium (GIBCO) supplemented with
10% fetal calf serum (FCS, Invitrogen) at 37C in 5% CO2.
LC3 Immunoblotting
Cells lysates were loaded onto 15% SDS-PAGE gels and then transferred to
a PVDF membrane (Amersham Hybond-P). Anti-LC3 immunoblotting was per-Cell Hoformed using mouse antibody anti-LC3 (M115-3). For autophagy induction,
HeLa cells were treated with rapamycin (Sigma Aldrich; 10 mg ml for 2 hr at
37C). For the inhibition of autophagosome-lysosome fusion, HeLa cells
were treated with bafilomycin A1 (Sigma-Aldrich; 200 nM, 4 hr before infec-
tion). Anti-tubulin antibody (a Tubulin) was used as a loading control. Quanti-
fication was performed using the ImageJ software (NIH, USA) on images
acquired on the LAS-3000 Imager (Fujifilm, Japan) within the dynamic range,
with background subtracted from each individual lane.
Immunoprecipitation
Transfected HeLa cells were infected with wild-type S. flexneri strain at an MOI
of 150. Infected cells were washed with cold PBS (supplemented with 10 mM
NEM) and then scraped in lysis buffer (LB: 10 mM Tris [pH 7.4], 1 mM EDTA,
50 mM NaCl, 1% Triton X-100, and 10 mM NEM) plus protease inhibitor
(Complete, Roche Applied Science). Cellular debris was removed by centrifu-
gation, and the supernatant was preclarified and incubated at 4C overnight
with Flag antibody-Protein G Sepharose 4 Fast Flow (GE Healthcare). After
the beads had been washed twice with lysis buffer, the bound proteins were
eluted with LB. The same amount of protein was loaded and separated with
10% SDS-PAGE and transferred to nitrocellulose membrane (Whatman).
Given that TRAF6 starts to become modified 2 hr after transfection and is
completely degraded by overnight culture (He et al., 2006), we infected cells
2 hr after TRAF6 transfection.
cDNA Synthesis and Real-Time RT-PCR
Total RNA was extracted from infected cells, and cDNA was synthesized using
a Cells-to-Ct Kit (Applied Biosystems), according to the manufacturer’s
instructions. Real-time PCR was performed using SYBR Green Master Mix
(Applied Biosystems), and products were detected on a Prism 5700 detection
system (SDS, ABI/Perkin-Elmer). The PCR conditions are indicated in the
Supplemental Data. The relative extent of IL-8, CXCL-1, and CXCL-2 expres-
sion was calculated using the 2(-Delta Delta C(T)) method. The results
presented herein are representative of three independent experiments, each
of which was performed in duplicate.
ROS Measurement
Cells were incubated in PBS-BSA 1% containing 10 mM 5-(and -6)-chloro-
methyl-20,70-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA)
(Molecular Probes) for 30 min at 37C, washed in PBS, and analyzed by flow
cytometry.
Mitochondrial Membrane Potential Measurement
Cells were incubated in PBS-BSA 1% containing 4 nM DiOC6 (Sigma-Aldrich)
for 30 min at 37C, washed in PBS, and analyzed by flow cytometry.
Caspase Activation and Propidium Iodide Permeabilization Assay
Caspase-1 and caspase-3 activation and propidium-iodide-positive cells were
determined by using the FLICA caspase-1 (FAM-YVAD-FMK) and FLICA cas-
pase-3 (FAM-DEVD-FMK) kit (Immunochemistry), according to the manufac-
turer’s instructions.
Flow Cytometry
For all flow cytometry analyses, adherent cells were harvested after trypsin
treatment of cultured monolayers and were pooled with floating cells. All
data were generated in an EPICS XL flow cytometer (Beckman Coulter) and
were analyzed with Flowjo software (Tree star, Ashland, OR, USA). Ten thou-
sand events were evaluated for each analysis. The results presented herein
were compiled from three independent experiments.Figure 7. Autophagy-Dependent Activation of Cell Death
(A) Immunocytochemistry showing the recruitment of caspase-1 (Casp-1) and IpaB on Atg4B C74A-expressing HeLa cells to membrane remnants at 10 hr p.i.
(nontransfected cells are visible in each field). Cells were fixed, immunostained with specific primary antibodies, and then labeled with DAPI. Scale bar, 5 mm.
(B and C) Flow cytometry analysis of FLICA-1 and propidium-iodide-positive (P.I.) WT and Atg5/ MEF cells for control and infected cells at the indicated time
postinfection (p.i.) time points. (B) A representative density plot (one of three independent experiments). (C) Histograms from three independent experiments.
Data are means ± SEM. *p < 0.05).st & Microbe 6, 137–149, August 20, 2009 ª2009 Elsevier Inc. 147
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HeLa cells were infected (at a MOI of 150), fixed with 4% paraformaldehyde,
and (when necessary) permeabilized with 0.1% Triton X-100 for 5 min at
room temperature. Samples were analyzed with a confocal SP2 microscope
equipped with Ar/HeNe lasers (Leica) or a confocal LSM 710 (Zeiss) equipped
with Ar/HeNe lasers and a diode (UV405nm) or an AxioImager microscope
(Zeiss) fitted with an AxioCam MRm camera. Images were acquired and
assembled using Adobe Photoshop software. Sequential excitations were
performed in order to rule out bleed-through effects.
Electron Microscopy
HeLa cells were infected at an MOI of 150. Cells were fixed with 4% parafor-
maldehyde/0.1 M phosphate buffer (PB) (pH 7.4) for 2 hr and were processed
for ultracryomicrotomy according to a slightly modified Tokuyasu method
(Tokuyasu, 1973). In brief, infected cells were scraped and spun down in
10% gelatin. After immersion in 2.3 M sucrose (in [pH 7.4], 0.1 M PB) for 2 hr
at 4C, the samples were rapidly frozen in liquid nitrogen. Ultrathin (70 nm
thick) cryosections were prepared with an ultracryomicrotome (Leica EM
FCS, Austria) and mounted on nickel grids (Electron Microscopy Sciences,
Fort Washington, PA, USA). After blocking in incubation buffer (0.1% gelatin,
0.1% bovine serum albumin, and 0.15% glycine in PBS), samples were probed
with primary antibodies, rinsed, and then incubated with secondary antibodies
(Aurion, The Netherlands) and/or protein A (CMC, University Medical Center,
Utrecht, The Netherlands) conjugated to gold particles of various sizes. The
Ub-YFP staining was performed with a mouse anti-GFP antibody followed
by a rabbit anti-mouse IgG antibody and protein A to amplify the signal. Lastly,
the samples were fixed for 10 min with 1% glutaraldehyde and were con-
trasted with a mixture of 1.8% methylcellulose and 0.3% uranyl acetate on
ice. After having been dried in air, sections were examined under a transmis-
sion electron microscope (Hitachi 7500; Hitachi, Tokyo, Japan and Philips
CM12, Eindhoven, The Netherlands).
Statistical Analysis
Results are expressed as means ± SEM of data from at least three indepen-
dent experiments. Intergroup differences were determined with log-ANOVA
and c2 tests.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and
12 figures and can be found with this article online at http://www.cell.com/
cell-host-microbe/supplemental/S1931-3128(09)00250-9.
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